Processing and microstructure characterisation of oxide dispersion strengthened Fe-14Cr-0.4Ti-0.25Y 2 
Introduction
The increasing global demand for energy coupled with a need to reduce carbon dioxide and other emissions associated with fossil fuels has revived interest in new-build nuclear energy generation. The cost-efficient and safe utilisation of nuclear power is increasingly recognised to depend upon the availability of improved neutron resistant materials for use in next generation fission and the first fusion power plants. Reduced activation oxide dispersion strengthened (ODS) ferritic steels are amongst the most promising candidates for large scale structural materials in these plants because of their relatively stable high temperature mechanical properties and comparatively good resistance to neutron irradiation. The superior performance of ODS alloys over their conventional equivalents is attributed to the high number density of nano-sized oxide dispersoids that act as (i) pinning points to dislocation movement, (ii) nucleation sites for many small helium bubbles rather than a smaller number of more damaging large bubbles that would otherwise form, and (iii) stable sinks for irradiation induced defects such as vacancies and interstitial atoms, even at a very low volume fraction (<1 vol%) [1] .
The ferritic steel matrix in these alloys is most commonly based on Fe-Cr with more than 12.7 wt% Cr. This base composition has a low susceptibility to transmutation under neutron irradiation, and avoids the presence of fcc austenite [1] . Ukai et al. first recognised the important role that Ti can play in these alloys in refining the scale of the Y 2 O 3 -like dispersoids [2] , attributing this to precipitation reactions on heat treatment of heavily milled powder that leads to the initial formation of finer Y 2 TiO 5 in preference to Y 2 O 3 . The relatively recent confirmation of very fine nanoclusters (NCs) of 2-5 nm diameter in mechanically alloyed and heat treated ferritic alloys containing Ti using transmission electron microscopy (TEM) [3, 4] and atom probe tomography (APT) [5, 6] has opened a new area of study of ODS steels for nuclear applications, since finer NC dispersoid sizes give an increase in NC number density for an equivalent volume fraction of oxide-forming addition. The TEM and APT examinations on the crystal structure and chemistry have shown that these ultra-fine NCs are enriched in Y, Ti, and O atoms, and can be uniformly distributed with an extraordinarily high number density (1.4 Â 10 24 m
À3
) in nanostructured ferritic alloys [7, 8] . Further, the NCs are remarkably stable at high temperatures, with negligible coarsening or reduction in number density even after isothermal aging at 1300°C for 24 h [9] . This high number density of NCs is extremely effective in minimising the effects of neutron irradiation on the mechanical performances of ODS steels and extending possible service life [10, 11] .
ODS steels are usually produced by powder metallurgy routes involving mechanical alloying (MA) of Y 2 O 3 and pre-alloyed or elemental metallic powders, followed by consolidation techniques, such as hot isostatic pressing (HIP) or hot extrusion. A typical composition of ferritic ODS steels is Fe-14Cr-3W-0.4Ti-0.25Y 2 O 3 (wt%) [1] . There are some enduring uncertainties regarding the specific mechanism(s) of NC formation. Various possible routes have been proposed, which include: (i) a supersaturated solid solution containing Y, Ti and O is produced by room temperature MA that decomposes and re-precipitates as NCs during high temperature consolidation [12] ; (ii) MA simply fragments Y 2 O 3 to such a fine scale that to most characterisation techniques it appears ''dissolved'' and precipitation is more akin to coarsening to a scale where Y 2 O 3 can again be resolved [13] , and (iii) the Y 2 O 3 becomes amorphous during MA and the subsequent precipitation is better described as (re-)crystallization [14] .
All these mechanisms are supported by some experimental evidence, and one may predominate under certain conditions or certain alloys, or all may operate but to differing extents. Despite these uncertainties, MA followed by HIP to full density is the most well-established route to manufacture ODS alloys reported in the literature. However, very high pressures (200 MPa) and long soak times (4 h) during HIP are normally required to achieve high density, bulk ODS alloys [15, 16] , which can result in excessive grain coarsening and a high manufacturing cost. Thus, more costeffective processes for the manufacture of ODS steels are under exploration, in particular those that offer the potential for scaleup beyond the laboratory scale.
Spark plasma sintering (SPS) is a relatively new sintering-based technique [17] in which the powder to be consolidated is loaded into an electrically and thermally conductive graphite mould and a large DC pulsed current (1000-5000 A) is applied under a uniaxial pressure. When current passes through the graphite mould (and the powder if it is electrically conductive), the powder is heated both from the outside (the mould acts as a heating element) and inside (due to Joule heating from the intrinsic electrical resistance of the powder material). SPS is characterised by very fast heating (up to 2000°C/min) and cooling rates and short holding times (minutes) to achieve near theoretical density [17] . Thus SPS occupies a very different time-temperature-density space in powder consolidation maps when compared with conventional methods, such as hot pressing sintering and HIP with ramp rate of 50-80°C/min and a few hours holding time. Although SPS has been studied for a rapidly growing number of materials [17] , there are only a small number of studies on the fabrication and microstructural characterisation of ODS steels processed by SPS, briefly reviewed below.
Balázsi et al. [18] fabricated austenitic Fe-17Cr-12Ni-2.5Mo-2.3Si-0.1C (all weight %) and martensitic Fe-16Cr-2Ni-0.2C based ODS steels by MA and SPS with particular attention to the effect of wet and dry milling on the grain size and bending strength of consolidated ODS steels, but the microstructures of nanoprecipitates were not reported and thus the effect of processing on the formation of nanoprecipitates was yet to be clarified. Karak et al. [19] [3, 12] . However, SPS was still a relatively immature process for these alloys in these studies, and optimisation of SPS processing may be able to produce more desirable NCs < 5 nm diameter and with high number density $10 23 m
, as described below.
Rajan et al. [24] studied the microstructure and hot hardness of ultrafine grained Fe-9Cr-1W + 0. steels fabricated by MA and SPS. Compared with equivalent HIPed ODS steels, the SPS-processed counterparts exhibited lower yield and tensile strength from room temperature to 873 K, which was ascribed to more extensive intergranular decoration of Cr-rich particles and residual porosity.
Boulnat et al. [28, 29] prepared Fe-14Cr-1W-0.3Ti + Y 2 O 3 steels by MA and SPS and used SANS, which samples larger more representative volumes of material than either TEM or APT, to show NCs with a mean radius of 1.4 nm and number density of 1.4 Â 10 24 m À3 . When compared with HIP equivalents, these SPS alloys had a higher yield strength at room temperature and larger elongations at 600°C, and similar yield strengths at 700°C. The alloy had a bimodal grain size distribution that was suggested to arise from an initial, heterogeneous spatial distribution of stored energy from MA, leading to inhomogeneous recrystallization.
Bogachev et al. [30] studied the densification kinetics of MA Fe13Cr-2Mo-0.3Y 2 O 3 powder during SPS, reporting that a high heating rate (300-400°C/min) was beneficial in achieving a final high density of bulk material. Rajan et al. [31] studied the effect of Y 2 O 3 dispersoids on the sintering kinetics of Fe-9Cr-1Mo steel and suggested that the presence of nonconducting Y 2 O 3 particles induced charge build up at the metal-dispersoid interfaces, and thus enhanced localised heat generation and mass transport. Ji et al. [32] attributed the development of a hetero-nanostructure containing nano (<100 nm), ultrafine (<500 nm) and micron-sized grains in MA and SPS Fe-39.78Al-0.054Zr-0.01B-0.2Y 2 O 3 to temperature differences across the sample.
Summarising across these studies and recognising there remains some uncertainty in the densification mechanisms, SPS offers some promise for the rapid processing of ferritic steels containing oxidebased NCs, with indications that competitive microstructure and mechanical properties can be achieved. However there remains a lack of understanding on the precise nature of the critical NCs in SPS-processed ODS alloys and whether they are or are not essentially the same, or might be contrived to be the same, as those found in the more common HIP-processed alloys.
In this paper, we undertake a systematic investigation of the effect of SPS sintering temperature on the densification behaviour and microstructural evolution of an ODS ferritic steel prepared by MA. The Fe-14Cr-0.4Ti + 0.25Y 2 O 3 (14YT) composition is chosen since this is a relatively simple system where the most comprehensive data is available in the literature. The microstructure, with a focus on NC evolution, is comprehensively characterised by means of scanning electron microscopy (SEM), electron backscatter diffraction (EBSD), transmission electron microscopy (TEM), scanning TEM (STEM) coupled with energy dispersive spectroscopy (EDS), and atom probe tomography (APT). We show that the densification of the 14YT alloy using SPS is significantly improved by increased sintering temperatures. Almost fully dense (99.6% of theoretical density) 14YT alloys could be successfully produced by SPS at 1150°C with a pressure reduced from 200 to 50 MPa and process time reduced from 4 h to only 5 min. In addition to TEM and APT, synchrotron-based X-ray diffraction (XRD) is also used to provide complementary information on the crystal structure of the NCs from a comparatively large and more representative material volume. The presence of Y 2 Ti 2 O 7 NCs of the type found in HIP-processed materials is confirmed, with an average size of 3.5 nm and a number density of 1.04 Â 10 23 m À3 . A comparison and discussion of the limits of the various characterisation methods for NCs is also presented. Table 1 . The powder mixture was mechanically alloyed in 99.999% purity Ar using a planetary mill (Pulverisette 6, Fritsch GmbH, Germany) with a chrome-steel bowl (500 ml) and AISI 52100 steel balls (800 g, 10 mm diameter) with a ball-to-powder weight ratio of 10:1 and a rotational speed of 150 rpm. A steady-state condition/microstructure of the 14YT powder was achieved after 60 h [33] . The 14YT powder was loaded into a graphite mould lined with graphite paper in an Ar-filled glove box for SPS consolidation. BN powder was sprayed on graphite paper in order to minimise carbon diffusion into the disc sample during sintering and to ease demolding after sintering. Then the mould and punches were sealed in a plastic bag and immediately transferred into the SPS furnace (FCT Systeme, Germany).
Experimental details
SPS consolidation was performed in a vacuum of 5-8 Pa at different temperatures ranging from 900°C to 1150°C, for 5 min under a peak uniaxial pressure of 50 MPa. In all cases the heating rate applied was 100°C/min. The temperature was measured with an optical pyrometer focused on a central borehole in the upper punch close to the powder. During heating, a small pressure of 25 MPa was initially applied, sufficient to ensure particle-particle contact but insufficient to obtain consolidation that would inhibit degassing during heat up. Once the consolidation temperature was reached, the pressure was increased to 50 MPa within 1 min and then maintained constant until consolidation was finished. An example of the temperature (up to 1150°C for consolidation) and pressure profiles for a typical SPS experiment is shown in Fig. 1 . Since the minimum temperature that could be detected by the optical pyrometer was 400°C, there is an apparent plateau temperature of $400°C at the beginning until the temperatures had risen sufficiently. After sintering, the power was switched off to allow the sample cool down to room temperature by direct contact with water-cooled punches. The dimension of the consolidated 14YT samples was typically 20 mm in diameter and 5 mm in thickness. 
Microstructural characterisation
The particle size distribution of pre-alloyed Fe-14Cr and milled 14YT powder was measured by laser diffraction (Mastersizer 2000, Malvern Instruments Ltd, UK). Consolidated 14YT discs were polished with SiC paper to remove surface contamination from the graphite die and foil and relative density measured by the Archimedes method in water. The morphology and microstructure of as-milled powder and bulk 14YT were observed by scanning electron microscopy (SEM; JEOL 840A). SPS samples for SEM observation were prepared by mechanical polishing and chemical etching in a 3:1:1 ratio of hydrochloric, nitric, and acetic acid. Electron backscatter diffraction (EBSD) was conducted in a JEOL JSM6500F operated at 20 keV and a probe current of $10 nA; areas of $80 Â 108 lm 2 were mapped in a square array with a step size of 0.4 lm. The crystal structure of bulk 14YT was studied by high-resolution synchrotron X-ray diffractometry (XRD) at the Diamond Light Source (Didcot, UK) on beamline I11 with wavelength of 82.7136(2) pm. TEM specimens were prepared by the ''lift-out'' technique using a Zeiss Auriga focused ion beam (FIB) system operating with 40 kV Ga ions, with the final milling stage carried out at 5 kV to avoid excessive Ga ion implantation. TEM studies used a JEOL2100 microscope operated at 200 kV or JEOL 3000F operated at 300 kV. A STEM with an annular dark field (ADF) detector was used for Z-contrast imaging, along with energy-dispersive X-ray spectroscopy to examine the chemical composition of particles. When determining the NC number density in ADF mode, the local foil thicknesses were measured by the convergent beam electron diffraction method. To prepare APT samples from bulk 14YT, 0.5 Â 0.5 Â 10 mm rods were obtained by mechanical sectioning and then electropolished into sharply-pointed needles with an end radius of $50 nm using a solution of 2% perchloric acid in 2-butoxyethanol. These specimens were then analysed in an Imago LEAP 3000HR instrument under laser pulsing mode (0.3-0.5 nJ energy, <10 lm beam spot size, 200 kHz repetition rate) at a specimen temperature of 30-50 K. 3D chemical maps with atomic spatial resolution were then reconstructed and cluster compositions were calculated from atoms selected using a method based on the maximum separation method. Core atoms of Y and O are selected using a maximum separation distance d max = 1.3 nm. Clusters were defined as a group of at least N min = 5 core atoms within distance d max . The remaining atoms were included in a cluster if they were positioned within a surrounding distance L = 1.3 nm of a core atom defining the cluster. Once cluster atoms were isolated, the average cluster composition was calculated after using a local background subtraction in the mass spectrum and deconvoluting the overlapping mass-peaks of TiO 10% was assumed due to inaccuracies in mass-peak ranging and background subtraction, which was added to the statistical counting error for the number of atoms detected. 100 clusters were detected for assessment of the average cluster composition. An estimation of feature size was made from the radius of gyration (R g ), which is the average distance between each cluster atom and the centre of mass of the cluster. Further details of the determination of cluster compositions and size have been reported in previous publications [34, 35] .
Results and discussion
3.1. Powder morphology before and after MA Fig. 2a shows that before MA, the gas atomised Fe-14Cr pre-alloyed powder had a typical spherical shape with a broad size distribution. During high-energy ball milling, the powder particles were repeatedly flattened, cold welded, fractured and re-welded, as shown in Fig. 2b. Fig. 3 shows pre-alloyed Fe-14Cr powder diameters from 5 to 305 lm with a mean of 69 lm. After milling, the distribution peak shifted towards larger diameters with a mean diameter according to laser diffraction of 316 lm, (but we note that this value will be distorted by the non-sphericity of the milled particles). There was also a much narrower distribution of apparent diameters in the milled powder, consistent with the SEM observations. Fig. 4 shows SEM micrographs from the polished and etched surface of 14YT alloys SPS sintered at different temperatures. At the lowest sintering temperature of 900°C (Fig. 4a) , the morphology of the as-milled flake powder was retained, with the short axes of the particles generally aligned along the direction of applied pressure (marked by an arrow in Fig. 4 ). There were both prior particle boundaries (PPBs) and large pores between particles, suggesting that only limited sintering had occurred. There was a dramatic reduction in both PPBs and pore fraction on sintering above 1000°C (Fig. 4b and c) . At 1150°C, there was no resolvable porosity (Fig. 4d) . When the temperature was increased further to 1180°C, there was local melting indicating that we had reached the maximum process temperature for this powder.
Effect of SPS sintering temperature on densification of 14YT alloys
The effect of sintering temperature on the relative density of 14YT is summarised in Fig. 5 . The density at 1150°C was 99.6%, similar to that found in ODS ferritic steels HIPed at 1100-1150°C at 200 MPa for 4 h [15, 16] , confirming the potential advantage of SPS in requiring shorter dwell times and lower pressures. Applied pressure acts as an extra driving force for densification (alongside specific surface area reduction) and facilitates densification through particle sliding, oxide break-up and mechanical rearrangement, and plastic deformation. Moreover, particularly when electrically conductive metal materials are consolidated, non-thermal current effects may play a large role in the densification process, through enhanced (1) mass transport due to electromigration, which arises from momentum transfer by conduction electrons scattering from the activated metal ions in the solid and pushing these ions in the direction of the electron flow; (2) point defect generation, and (3) defect mobility [17] . Fig. 6 shows an EBSD image taken from 14YT SPSed at 1150°C, with grain colours related to grain orientation expressed in the inset standard triangle. Grain boundaries having a misorientation >3°were identified as ''high angle boundaries'', and those with misorientation of 0-3°were identified as ''sub-grain boundaries''. The orientation imaging map indicated that grain orientation was essentially random, and the ferritic grain size distribution was bimodal, with peaks at 0.5 and 15 lm. Finer ferrite grains less than 500 nm in diameter could not be resolved. Similar bimodal grain size distributions have been reported for both HIPed and SPSed ferritic (>14% Cr) ODS steels [15, 28] . This microstructure is usually ascribed to: (1) the formation of the larger ferrite grains by recovery and grain growth in regions with a lower density of nanoprecipitates due to inhomogeneities in the starting Y distribution [15, 36] ; and/or (2) incomplete recrystallization and abnormal grain growth in which a few large grains break away from pinning NCs and rapidly ''consume'' smaller, higher energy neighbours [37] . Fig. 7 shows a synchrotron XRD pattern from 14YT SPSed at 1150°C. In addition to obvious peaks from the ferrite matrix, peaks due to Y 2 Ti 2 O 7 and FeO were resolved. Although there was only limited peak resolution of Y 2 Ti 2 O 7 in Fig. 7 , these peaks could not be matched to any Y-Ti based oxide phases other than Y 2 Ti 2 O 7 , which is the most stable of the Y-Ti oxide complexes. In addition, our results are in agreement with other studies [3, 4] . The presence of a small volume fraction of FeO has also been reported for MA ODS steels [38, 39] . A peak at 2h = 26 o was investigated against a large number of possible binary and mixed oxides or carbides, and showed closest matching to Cr 23 C 6 . Overall, all phases were consistent with those reported for similar alloys consolidated by HIP [40] . The different areas of foil specimens for TEM were examined in order to investigate the NC distribution. Fig. 8 shows a representative bright field (BF) TEM image obtained from 14YT SPSed at 1150°C, with a high density of NCs homogeneously distributed in the matrix. Some NCs were clearly pinning dislocation lines. Fig. 9 shows a number of bright nanoparticles in a STEM image (boxed) and the associated EDS maps for Fe, Cr, Ti, Y and O. Qualitatively, the areas of Ti, Y and O enrichment coincided with Fe and Cr depletion, and supported identification of the NCs as being of the Y-Ti-O type. The contrast in STEM-ADF images is highly sensitive to local variations in the atomic number (Z-contrast images), which is a more suitable approach for detailed imaging of nano-sized, disperse oxide particles [7, 41] . Fig. 10 is an ADF STEM image of the 14YT alloy after SPS at 1150°C and suggested two possible sub-populations of NCs comprising cuboidal particles of 2-3 nm and spherical particles of 3-6 nm. A frequency plot of the NC diameter was determined by measuring 1339 particles from ADF STEM images obtained from different regions of several samples, and is shown in Fig. 11 . The minimum and maximum NC diameter was 2.0 and 25 nm; the highest fraction of NCs was estimated at 42 ± 2.5% for NCs with diameters close to 2.0 nm, and overall the NC mean diameter and number density were 3.5 nm and 1.04 Â 10 23 m À3 respectively, which are consistent with those in similar MA-HIP alloys [12] , although somewhat at the smaller diameter and higher fraction end of those reported.
Microstructure of 14YT alloys
APT element maps from 14YT sintered at 1150°C are shown in Fig. 12a with Ti-Y-O rich NCs readily resolved. A number density of 1.4 Â 10 23 m À3 was estimated from the APT data, together with a average Guinier radius of 1.2 ± 0.4 nm, as shown in Fig. 12b . These values are consistent with TEM measurements, and those reported for HIP or extruded MA-based ODS alloys with the best mechanical performance in terms of tensile and creep strength [1] . In general, all the microstructural data from SEM, TEM, XRD and APT indicate that high quality ODS alloys were successfully produced by SPS in the current work.
Composition line profiles obtained by averaging 100 clusters from APT reconstructed data is shown in Fig. 13 , confirming the strong enrichment of Ti, Y, O and Cr in the NCs [42] . All the NCs had a similar chemical composition as shown in Table 2 , with a Ti:Y atom ratio in the NCs of close to 1.0, which was consistent with Y 2 Ti 2 O 7 .
Cr enrichment of the NCs (up to 33 at.%) in the corrected cluster composition obtained by APT apparently contradicts STEM-EDS results in Fig. 9 , where Cr depletion of the NCs was suggested. However, discrepancies in NC structure and composition from TEM and APT have been previously reported [3, 34, [43] [44] [45] and have been explained by intrinsic instrument characteristics, creating measurement artefacts. The most significant effect leading to APT artefacts is the difference between the local evaporation fields and/or the electric fields at NC (insulating) and matrix (conducting) atoms, which causes differential evaporation and apparent Cr enrichment of the NCs [3, 43] . The line profile (Fig. 13) indicates enrichment of Cr at the edges of the cluster more than the centre, as observed in other alloys [44] . In addition, APT is unable to sample reliably the largest NCs with relatively large spacing. TEM is able to characterise larger NCs from larger volumes, but conversely has restricted resolution of the smallest NCs, which can lead to lower NC number density estimates. In terms of the STEM EDS data from 62 nm NCs embedded in the Fe-rich matrix, the NC signal is generally swamped by the matrix signal. Synchrotron XRD is able to sample the largest analysed volume and, providing minority phases are present in sufficient fraction, provides complementary and validating data for TEM and APT [46] , as is the case in the present study.
The existence of Y-Ti-O NCs offer supports to the suggested mechanism that MA not only breaks up the Y 2 O 3 particles, but dissociates them into yttrium and oxygen that is then dissolved into supersaturated solid solution in the ferrite matrix, to be re-precipitated in conjunction with dissolved Ti [6] . However, the incorporation of Ti into the NCs might also be conceived to occur during growth of very fine scale Y 2 O 3 , and dissolution of Y and O is not always reflected in the Fe lattice parameter changes that might be expected [13] . If dissolution of Y and O is occurring, it can be further conjectured that a single phase solid solution of Fe(Cr, Ti, Y, O) has a lower free energy at the milling temperature than a two phase mixture of a heavily defective matrix of Fe-14Cr-0.4Ti containing an increasingly fine dispersion of Y 2 O 3 . Even at the short timescales associated with heating in the SPS process, this highly defective solid solution is sufficiently unstable and the kinetics of NC nucleation and growth sufficiently are fast to form very similar NC distributions to those obtained in longer HIP cycles used more conventionally, alongside much accelerated movement of material to achieve near full density. The suggestion of two populations of closely related cuboidal and near spherical Y 2 Ti 2 O 7 particles may relate to very localised regions of increased Joule heating in the fast-consolidating powder mass that encourages some limited, localised coarsening of NCs.
Conclusions
The morphology and particle size distribution of spherical Fe14Cr pre-alloyed powder were changed from near-spherical to a flattened, plate-like morphology with a narrower range of sizes after MA with 0.25 wt% Y 2 O 3 . During SPS, the relative density increased rapidly with sintering temperature, and 99.6% of theoretical density was achieved in only 5 min at 1150°C and 50 MPa. The resulting ferrite grains had random orientation and a bimodal grain size distribution comprised of fine (<500 nm) and coarse grains (1-20 lm). Spherical and cuboidal Y 2 Ti 2 O 7 nanoclusters were dispersed in the ferritic matrix. The average size and number density of Y 2 Ti 2 O 7 NCs obtained from both STEM and APT investigations was <5 nm and of the order of 10 23 m À3 , respectively. SPS is shown to produce high-density ODS ferritic alloys with a good dispersoid distribution at pressures and times significantly lower than those needed for consolidation by HIP. This shows its potential as a cost-effective approach for the consolidation of simple shapes from mechanically alloyed, high performance ODS steel powders. 
